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Abstract 
As part of any terrestrial Carbon Capture and Storage (CCS) project, a risk-driven Measurement Monitoring and 
Verification (MMV) plan may include the measurement of soil gas and related surface CO2 efflux in order to 
determine the natural (or baseline) concentration range and variation of CO2. Subsequent measurements of these 
parameters may then act as a measure of stored CO2 containment and conformance during operational, closure and 
post-closure phases. There are several practical challenges involved in the collection of representative soil-respired 
CO2 efflux measurements. These include (i) the assessment of natural baseline variations of soil-respired CO2 efflux 
across potentially large areas expected for commercial CCS operations, (ii) even if field measurements of soil-
respired CO2 are recorded over one season or several seasonal cycles, the full concentration and CO2 flux range may 
not be captured due to reliance upon environmental (i.e. climate) conditions prevalent during field surveys, and (iii) 
when field based soil CO2 flux measurements are taken, climatic and environmental conditions are likely to change 
throughout the day, resulting in a number of dislocated flux measurements taken under different conditions. Ideally, it 
would be useful to be able to carry out an initial field survey measurements, collect soil samples at a project site and 
develop a simulated baseline in the laboratory under controlled conditions, reducing the seasonal baseline survey 
duration from one or two years down to several weeks of simulation supported by field verification. Soil cores and 
bulk material from each soil horizon at selected locations were sampled from the previously proposed Heartland Area 
Redwater Project (HARP) near Edmonton, Alberta. Soil columns were reconstituted in the laboratory and subjected 
to a range of temperature and moisture conditions similar to those expected for the CCS project area over a seasonal 
cycle.  Efflux data were directly compared to field-based measurements collected over a 12 month period under a 
range of climatic conditions. Comparisons between laboratory simulations and field data suggest a strong 
temperature-efflux correlation consistent with many studies related to the carbon cycle and ecosystem productivity. It 
is suggested that the simulation of environmental conditions using soils from a CCS area of review may be a useful 
tool for the prediction of the range of CO2 efflux expected as a function of soil characteristics and environmental 
conditions, thereby accelerating baseline studies, establishing the range of CO2 efflux to guide monitoring strategies 
and for the facilitation and validation of remote sensing data in support of large scale CCS site characterization. 
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1 Introduction 
The global drive to reduce anthropogenic greenhouse gas emissions via Carbon Capture and Storage 
(CCS) involves the capture, compression, transport, injection and long term storage of large quantities of 
industrially derived CO2 within one of several geological environments. These environments typically 
include depleted oil and gas reservoirs, enhanced oil recovery operations and deep saline aquifers among 
others. Regardless of the type of storage complex, a risk-driven Measurement Monitoring and 
Verification (MMV) plan may include the ongoing measurement of soil gas, surface soil efflux and near-
surface atmospheric CO2 concentrations in order to determine the natural (or baseline) concentration 
range, flux range and frequency of variation of these parameters. Subsequent measurements of the same 
parameters may then act as a leak detection method and public assurance activity during CCS operations 
and the closure phase. Naturally, the detection of elevated soil gas, efflux and atmospheric CO2 gas 
concentrations within a CCS project area may or may not be related to leakage from the storage complex. 
Additional measurements of the CO2, and the assessment of supporting indicators of leakage, must be 
used to verify the characteristics of the CO2 and its potential source [1]. Even so, due to the ease of data 
acquisition, the measurement of elevated soil gas CO2 concentration and associated efflux is likely to be 
used as a screening tool at major CCS project sites. 
Field surveys are a critical component of any terrestrial CCS project, however there are several 
practical considerations involved in the acquisition of representative surface CO2 efflux data from soils 
within a study area. These considerations fall into several categories including: 
 
 Time: The number of survey locations required to gather sufficient surface flux data, which may 
initially be tens to hundreds of locations, generally requires days to weeks of survey activities 
which is an expensive exercise; particularly for large areas. 
 Site access: Depending upon the location and type of land use within a study area, access to 
areas to collect soil flux measurements may be limited by industrial, domestic and/or agricultural 
activities. For example, the seeding, crop growth and harvest cycle for many farms means 
restricted site access for surveys during these times, leading to a reduced dataset. 
 Environmental conditions: Regional and local weather conditions may change rapidly and so a 
wide range of conditions may prevail during the course of soil survey. Regardless of soil 
composition, and given the reported relationship between soil flux, air temperature, soil 
temperature, moisture conditions and barometric pressure, environmental conditions may result 
in an order of magnitude change in measured soil flux. Furthermore, seasonal variations in these 
parameters may mean that several surveys are required each year to capture these variations and 
to develop a robust project baseline. 
 Soil composition: Naturally, the physical, chemical and microbiological composition of soils 
vary dramatically depending upon the parent material characteristics, range of climatic 
conditions and land management practices which may disturb and chemically alter soils. The 
overall result is a range of soil types, each with variable capacity to generate CO2 by a 
combination of root respiration and/or the microbial degradation of soil organic matter (i.e. 
heterotrophic respiration).  
 Normalization of data: Due to the time required to carry out field surveys, and the variable 
environmental conditions which may be encountered, carbon efflux measurements acquired from 
survey locations only meters apart cannot be directly compared, unless similar conditions were 
prevalent during each survey. This suggests contouring of flux data across study areas may not 
always be appropriate, unless some form of normalization is carried out to account for 
environmental conditions and soil characteristics. 
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When the influence of these factors is determined under controlled laboratory conditions, and verified 
using focused field CO2 efflux measurements, the opportunity exists to develop a simulated project 
baseline which would include minimum and maximum soil surface CO2 efflux across a study area, and 
the spatial variation of that flux as a function of soil type and environmental conditions. In addition, 
simulated environmental tests may allow the generation of a simulated seasonal baseline in two to three 
weeks, rather than one to two years of seasonal surveying, allowing the acceleration of baseline soil flux 
data acquisition, providing project proponents with a more complete dataset in a shorter time. 
Many field studies, laboratory studies and/or a combination of these have established empirical 
equations and numerical models to allow soil CO2 efflux to be predicted as a function of soil composition, 
temperature, moisture and other factors. Field studies include a number of settings such as agricultural 
areas [2], contrasting vegetation areas in a temperate climate [3], forests [4, 5, 6, 7, 8, 9, 10, 11], 
grasslands [12, 13], wetlands [14] and even CO2 flux in volcanic regions [15]. Laboratory based studies 
include the assessment of wetting and drying cycles upon CO2 efflux [16] and the relative contribution of 
root respiration and heterotrophic respiration to total soil efflux [6]. 
This study involved the collection of seasonal CCS baseline soil flux measurements over a full 
seasonal cycle from a proposed CCS site near Edmonton, Alberta. The Heartland Area Redwater Project 
(HARP), operated by ARC Resources Ltd., involved the characterization of the Devonian Redwater-
Leduc Reef which was evaluated as a saline Aquifer CO2 storage project [17]. A full Measurement, 
Monitoring and Verification (MMV) baseline was established over a two year period. Unfortunately the 
CCS project did not proceed, however data acquired during baseline surveys have wider application than 
the HARP site, and so are worth using as a research tool. Soils representing the two soil types present in 
the field area, and a third soil type outside the pilot area, were collected, analyzed for their physical and 
chemical composition, and submitted to various temperature and moisture conditions. Measured CO2 
fluxes were compared between laboratory simulations and field measurements and recommendations 
were provided for the use of seasonal simulations in related areas of study. Although three soils were 
tested, only the results for one soil type (i.e. Peace Hills Sandy Loam) are reported here as this soil makes 
up the majority of soil in the pilot area. Data for the other two soils tested exhibit similar CO2 efflux 
responses to simulated temperature and moisture variations. 
 
2.0 Methods 
 
2.1 Field surveys 
 
The pilot CCS field area is located northeast of Edmonton, Alberta, and covers an area approximately 
2.5 km2. Data were acquired across a full sampling grid, but only selected sites within Peace Hills Sandy 
Loam are shown in this study (Fig. 1). Field surveys were conducted in December 2009, August 2010, 
October 2010, December 2010 and May 2011. Using a grid survey to establish the variation in soil CO2 
flux across the study area, a total of 51 sites were used for soil sample collection, soil temperature, air 
temperature, soil moisture and soil CO2 efflux measurements. This paper describes data from 29 of those 
51 locations with a total of 7349 flux measurements from the 29 sites. During field surveys, a base station 
was established close to the centre of the study area (site 44) where micrometeorological data and CO2 
efflux data were collected, while the same data were collected at the other 28 locations. The intention of 
establishing a base station was to continuously record environmental conditions and CO2 efflux at a 
representative location, providing spatial and temporal flux information. Continuous data captured diurnal 
variations in CO2 efflux throughout the duration of the surveys. 
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2.2 Field Soil Collection and Laboratory Processing 
 
Based upon existing digital soil maps of the study area [18], three representative locations were chosen to 
collect soil cores and bulk soil samples from organic and mineral horizons. Bulk soil density 
measurements were taken by sampling a known volume of each soil horizon with 20 cm diameter 
polyvinylchloride (PVC) collars emplaced to approximately 12 cm depth. Soils were air dried at 40°C for 
5 days and each soil was weighed to allow bulk soil density to be calculated as a function of dry mass 
divided by volume. Soil moisture content was calculated by difference between wet and dry soil mass. 
When the soil was dry, stones and visible root material were removed and soil horizons were 
disaggregated to break up larger lumps before being sieved to 2 mm using laboratory test sieves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Location of the study area. Survey locations where CO2 efflux was measured are shown as filled black dots, and the base 
station set up during surveys is shown by an open black circle (site 44). 
In order to prepare experimental columns, soil profile depth measurements taken in the field were used  
to define the required soil column horizon depths. An appropriate mass of each soil horizon was then 
packed into each column to achieve a similar bulk density to those measured from field samples. 
Triplicate columns were prepared and tested. It is recognized that soil processing may have resulted in a 
change in soil texture, pore structure and surface area due to the disaggregation and homogenization of 
soil horizons, however every attempt was made to minimize any modifications to the soil. To reconstitute 
the soil to replicate field conditions as far as possible, each soil column was saturated from the base of the 
column to the soil surface in order to wet all surfaces and to purge air bubbles from the pore space [8, 16]. 
The soil was then allowed to drain under gravity at ambient temperature (22  24 °C) until field moisture 
capacity was reached. This process of water saturation and draining occurred over a period of 24 hours, 
and flux data were collected under field capacity conditions to avoid CO2 efflux hysteresis effects [10] 
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and initial elevated CO2 flux during initial wetting [16]. Soil column headspace CO2 efflux measurements 
were measured using a Licor 8100 with Infrared Gas Analyzer (IRGA) (LI-COR, NE) CO2 flux analyzer 
at 25 minute intervals as the Licor 8150 multiplexor unit sequentially sampled the headspace of each 
column. 
 
2.3 Laboratory Equipment Design 
 
Experimental apparatus was constructed using a static chamber Licor 8100 soil flux analyzer with a 
Licor 8150 multiplexor system. A total of nine cylindrical plexiglass columns (600 mm high x 100 mm 
internal diameter), were mounted on a portable platform and each column was fitted with a graduated 
cylinder connected to a fluid sampling port at the base of the column. The graduated cylinder allowed the 
dry column to be saturated with water under controlled conditions by maintaining a constant hydraulic 
head in the reservoir. The top of each column was capped with a plexiglass lid drilled to accept an inlet, 
outlet and fluid addition and/or sampling ports. The inlet and outlet ports accepted threaded 3/8 inch luer 
connections to allow a Tygon tubing connection from the chamber to the multiplexor and Licor 8100 and 
a return path for headspace gas (Fig. 2). At the beginning of each carbon flux measurement, initial 
headspace CO2 was measured, the headspace was purged and flux was measured in triplicate.  
During initial tests at 30°C ambient temperature conditions, relative humidity within the headspace 
reached upwards of 90%, resulting in unstable CO2 concentration data. This was mitigated by passing the 
headspace gas through an activated silica dessicant before the gas was passed into the Infrared Gas 
Analyser (IRGA) of the Licor 8100 [8]. This resolved issues related to elevated moisture in the system. At 
negative and ambient temperatures, and as high as 20°C, humidity effects issues were not problematic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic figure showing the experimental apparatus used to simulate temperature and moisture conditions across a seasonal 
cycle at the study area. Each column was 100 mm internal diameter and 600 mm high. 
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2.4 Experimental Simulations and Measurements Taken 
 
A total of 2159 CO2 efflux measurements were taken within the headspace of each soil column over 
several days and under a variety of soil temperature and moisture conditions. Soil columns were subjected 
to ambient temperatures of -15°C, 4°C, 20°C and 32°C by placing experimental apparatus into large 
insulated and temperature-controlled facilities. Soil moisture in each column was measured as 13.5 % (± 
3%)  Following soil CO2 efflux experiments re also simulated including a 10 mm 
rainfall and a soil disturbance test to simulate a ground disturbance such as soil tillage to assess the effect 
of these events upon carbon flux at the soil-atmosphere interface. The data from these additional tests are 
not reported here however data were consistent with other studies of this type [16, 19]. 
 
3.0 Results 
 
Efflux data from laboratory experiments and field surveys were grouped into arithmetic mean CO2 
efflux as a function of temperature from -14°C to 31°C in 2°C increments. This allowed a direct 
comparison of data between data from the two populations (Fig. 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Comparison between laboratory CO2 effluxes measured from -14°C to 31°C with field data collected for the same soil type 
during field surveys. An exponential least squares regression line is fitted to the laboratory data and is used to predict flux across the 
temperature range. Error bars show the standard deviation of the mean for each temperature interval. 
 
Consistent with many empirical studies, an exponential equation best fits the CO2 efflux data as a 
function of temperature. The equation in this case is: 
 
CO2 Efflux ( mol.m-2.s-1) = 0.9334.e(0.057 * Soil Temperature (°C)), {- }  (1) 
 
It is noted that the experimental data are relatively consistent and predictable across the temperature 
range, with a calculated R2 value of 0.97 (n = 2159). Experimental data slightly, but consistently, 
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overestimate the mean measured field flux at any given temperature range. This is partially attributed to 
differences in the soil pore structure and related diffusion profile [3, 20], with greater surface area and 
more consistent pore structure developed within the reconstituted laboratory columns. 
 
4.0 Discussion 
 
The strong statistical correlation between soil CO2 efflux and soil temperature was clear within the 
laboratory data for the soil under study. Outliers within the dataset, specifically between 19°C and 25°C, 
suggest other processes are operating. Based upon observation and literature sources, the most likely 
cause may be elevated moisture within the soil pore space [3, 9] and headspace as the columns heat up 
during elevated temperature simulations. Issues related to elevated relative humidity were addressed by 
changing the drierite dessicant used in the experimental system [8]. It is recognized that root respiration 
may contribute towards the total measured biological CO2 efflux in the field [6]. We would not expect 
root respiration to have contributed significantly to experimental data because we removed root material 
from the soils during preparation. However, the contribution of root respiration should be considered for 
subsequent laboratory simulations.  
Even with the complexity of CO2 generation and efflux within the natural soil system (i.e. resulting 
from the interaction of physical, chemical and microbiological soil components) and the dynamic nature 
of CO2 efflux, the dominant influence of soil temperature may be a useful tool with which to estimate 
efflux in the field from remote sensing data (i.e. thermal imaging) which would allow the assessment 
mapping of flux over large areas. Further work is ongoing in relation to the effects of saturated conditions 
and of changing land management processes. 
 
5.0 Conclusions 
 
Soil cores and bulk material from each soil horizon at specific locations were sampled from the 
previously proposed Heartland Area Redwater Project (HARP) near Edmonton, Alberta. Soil columns 
were reconstituted in the laboratory and subjected to a range of temperature and moisture conditions 
similar to those expected for the CCS project area over a full seasonal cycle.  Efflux data were directly 
compared to field-based measurements collected over a 12 month period under a similar range of soil 
temperature and moisture conditions. Comparisons between laboratory simulations and field data suggest 
a strong temperature-efflux correlation (R2 = 0.97) consistent with many studies related to the carbon 
cycle and ecosystem productivity. It is suggested that the simulation of environmental conditions using 
soils from a study area may be a useful tool for the prediction of the range of CO2 efflux as a function of 
soil characteristics and environmental conditions, thereby accelerating baseline studies and facilitating the 
validation of remote sensing data in support of large scale CCS site characterization. 
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